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Developmental Changes in Eyeblink Conditioning
and Neuronal Activity in the Pontine Nuclei
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Neuronal activity was recorded in the pontine nuclei of developing rats during eyeblink conditioning on postnatal
days 17-18 (P17-P18) or P24-P25. A pretraining session consisted of unpaired presentations of a 300-msec tone
conditioned stimulus (CS) and a 10-msec periorbital shock unconditioned stimulus (US). Five paired training sessions
followed the unpaired session, consisting of 100 trials of the CS paired with the US. The rats trained on P24-P25
exhibited significantly more conditioned responses (CRs) than the rats trained on PI7-PI8, although both groups
produced CRs by the end of training. Ontogenetic increases in pre-CS and stimulus-elicited activity in the pontine
nuclei were observed during the pretraining session and after paired training. The activity of pontine units was
greater on trials with CRs relative to trials without CRs in rats trained on P24-P25, but almost no CR-related
modulation was observed in the pontine units of rats trained on PI7-P18. The findings indicate that pontine neuronal
responses to the CS and modulation of pontine activity by the cerebellum and red nucleus undergo substantial
postnatal maturation. The developmental changes in pontine neuronal activity might play a significant role in the

ontogeny of eyeblink conditioning.

Neurobiological studies of the ontogenetic emergence of classi-
cally conditioned responses have begun to elucidate specific de-
velopmental changes in the neural mechanisms of learning and
memory (Freeman Jr. and Nicholson 2001; Nicholson and Free-
man Jr. 2003). Identification of developmental mechanisms un-
derlying the ontogeny of learning has been facilitated by the use
of eyeblink conditioning as a model behavioral system (Stanton
and Freeman Jr. 2000). Delay eyeblink conditioning depends
on the cerebellum and interconnected brainstem structures
(Thompson and Krupa 1994; Yeo and Hesslow 1998; Thompson
2000). The intermediate zone of the ipsilateral cerebellum in-
cluding the interpositus nucleus and cortical lobule HVI has been
shown to be necessary for acquisition and long-term retention of
the conditioned eyeblink response (McCormick et al. 1982; Mc-
Cormick and Thompson 1984a). Evidence supporting the neces-
sary and sufficient role of the cerebellum in eyeblink condition-
ing is derived from studies that used various lesion methods,
reversible inactivation, electrical stimulation, electrophysiologi-
cal unit recording, and functional imaging (McCormick et al.
1982; Clark et al. 1984, 1992, 1997; McCormick and Thompson
1984a,b; Lavond et al. 1985, 1987; Yeo et al. 1985a,b; Berthier
and Moore 1986, 1990; Lavond and Steinmetz 1989; Chapman et
al. 1990; Steinmetz et al. 1992; Yeo and Hardiman 1992; Krupa et
al. 1993; Perrett et al. 1993; Gould and Steinmetz 1994; Hesslow
and Ivarsson 1994; Hardiman et al. 1996; Katz and Steinmetz
1997; Krupa and Thompson 1997; Garcia and Mauk 1998; Garcia
et al. 1999; Attwell et al. 2001, 2002; Bao et al. 2002).

The necessary and sufficient pathway for the unconditioned
stimulus originates in the sensory inputs to the trigeminal nuclei
(Harvey et al. 1984; Schreurs 1988; van Ham and Yeo 1996).
Some of the trigeminal nuclei send US-related signals to the in-
ferior olive, which then projects to the cerebellum via climbing
fibers. Climbing fibers synapse directly on neurons in the cer-
ebellar nuclei and Purkinje cells in the cerebellar cortex (Kitai et
al. 1977; van der Want et al. 1989; Sugihara et al. 2001). Stimu-
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lation of the climbing fiber pathway can substitute for a periph-
eral US and can serve as a sufficient US for supporting condition-
ing to a tone CS (Mauk et al. 1986; Steinmetz et al. 1989). In
addition, lesions or inactivation of the inferior olive prevent clas-
sical conditioning of discrete movements and impair retention
(McCormick et al. 1985; Yeo et al. 1986; Voneida et al. 1990;
Welsh and Harvey 1998).

The inferior olive receives an inhibitory feedback projection
from the cerebellar nuclei (Andersson et al. 1988; de Zeeuw et al.
1997). Cerebellar inhibition of the inferior olive influences the
rhythmic firing properties and synchrony of neuronal activity in
the inferior olive (Lang et al. 1996). During eyeblink condition-
ing, the phasic increase in cerebellar inhibition of the inferior
olive during conditioned response production can significantly
inhibit olive and complex spike activity (Sears and Steinmetz
1991; Hesslow and Ivarsson 1996). The CR-related inhibition of
the inferior olive virtually shuts down US-elicited complex spike
activity in rabbits, but produces less complete suppression in de-
veloping rats (Sears and Steinmetz 1991; Kim et al. 1998; Nichol-
son and Freeman Jr. 2000, 2003). Developmental changes in
cerebellar inhibition of the inferior olive were examined with
neurophysiological techniques and quantitative electron micros-
copy, which revealed a substantial increase in the number of
inhibitory synapses in the inferior olive that parallels the devel-
opmental emergence of eyeblink conditioning (Nicholson and
Freeman Jr. 2003). The developmental change in cerebellar inhi-
bition of the climbing fiber pathway indicates that the cerebellar
nuclei of younger rats cannot provide inhibitory feedback to the
US input pathway during and after conditioning sessions. The
inhibition of climbing fiber activity during eyeblink condition-
ing is thought to be necessary for preventing the acquisition of
redundant plasticity and for maintaining learning-specific plas-
ticity for extended periods by keeping climbing fiber activity in a
state of equilibrium after CS-US training (Kim et al. 1998;
Thompson et al. 1998; Medina et al. 2002; Nicholson and Free-
man Jr. 2003). The development of the US pathway is therefore
in part due to the development of feedback regulation of the US
input to the cerebellum. Development within the CS pathway
may also play a significant role in the ontogeny of eyeblink con-
ditioning.
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The necessary and sufficient CS pathway for a tonal stimulus
originates in the initial auditory pathway and the cochlear nuclei
(Steinmetz et al. 1987). The cochlear nuclei have monosynaptic
projections to the pontine nuclei (Steinmetz et al. 1987; Stein-
metz and Sengelaub 1992). The pontine nuclei convey CS-related
stimulation to the cerebellar nuclei and the granule cells of the
cerebellar cortex via mossy fibers (McCrea et al. 1977; Mihailoff
1993; Parenti et al. 2002). The axons of granule cells, the parallel
fibers, synapse with Purkinje cells. The pontine projection to the
interpositus nucleus is a short-latency excitatory projection
(Gould et al. 1993). Electrical stimulation of the pontine nuclei or
mossy fibers serves as a sufficient substitute CS for conditioning
to a peripheral US (Steinmetz et al. 1985, 1986, 1989; Steinmetz
1990; Tracy et al. 1998). Moreover, the mossy fiber CS generalizes
to a tone CS in some cases, indicating that the electrical stimu-
lation CS has the same physiological effect as a tone CS. Mossy
fiber stimulation has also been used as an effective CS when
paired with stimulation of the climbing fiber pathway as the US
(Steinmetz et al. 1989). The induction of learning with no pe-
ripheral stimuli is remarkable and demonstrates that the mossy
fiber and climbing fiber pathways are the most likely pathways
used during conditioning with peripheral stimuli. Moreover,
there is evidence that the nature of long-term memory for eye-
blink conditioning depends on potentiation of the mossy fiber
inputs to the cerebellum (Tracy et al. 1998).

The cerebellum regulates the CS input pathway through an
excitatory feedback connection to the pontine nuclei (Clark et al.
1997; Bao et al. 2000). The excitatory projection from the cer-
ebellum to the pontine nuclei produces a conditioning-specific
increase in activity during the production of CRs in some of the
pontine neurons (McCormick et al. 1983; Clark et al. 1997; Bao et
al. 2000). Cooling or pharmacological inactivation of the cerebel-
lar interpositus nucleus prevents the expression of learning-spe-
cific activity in the pontine nuclei (Clark et al. 1997; Bao et al.
2000). In the Bao et al. (2000) study, inactivation of the inter-
positus nucleus abolished CRs and learning-related activity in the
pontine nuclei when conditioning was produced by stimulation
of the lateral reticular nucleus (LRN) as the CS. Moreover, inac-
tivation of the pontine nuclei did not affect expression of the CR
or learning-specific neuronal activity in the interpositus nucleus
when lateral reticular nucleus stimulation was used as a CS. The
findings of the Bao et al. study indicate that the learning-specific
neuronal activity observed in the pontine nuclei during condi-
tioning with a tone CS is produced by excitatory feedback from
the cerebellum.

Previous developmental studies of eyeblink conditioning
found that the activity of neurons in the cerebellar interpositus
nucleus and Purkinje cells in lobule HVI of the cerebellar cortex
exhibit an ontogenetic increase in the magnitude of neuronal
activity during the first 100 msec of a tone CS and CR-related
activity later in the CS period (Freeman Jr. and Nicholson 2000,
2001). The present experiment examined developmental
changes in neuronal activity in the pontine nuclei during eye-
blink conditioning in developing rats to determine whether the
developmental change in CS-elicited activity in the cerebellum is
due to developmental changes in pontine responses to the CS.
An additional goal of this study was to determine whether there
are developmental changes in excitatory feedback from the cer-
ebellum to the pontine nuclei, which was assessed indirectly by
comparing activity on trials with CRs and trials without CRs.
Developing rats were trained on postnatal days 17-18 (P17-P18)
or P24-P25. The rats were first given a pretraining session that
consisted of unpaired presentations of a 300-msec tone condi-
tioned stimulus (CS) and a 10-msec periorbital shock uncondi-
tioned stimulus (US). The pretraining session was followed by
five paired training sessions. As in previous studies using these
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training procedures, the rats trained on P24-P25 exhibited sig-
nificantly more CRs than the rats trained on P17-P18, although
both groups produced CRs by the end of training (Freeman Jr.
and Nicholson 2000; Nicholson and Freeman Jr. 2000, 2003).
The activity profiles of neurons in the lateral pontine nuclei dur-
ing pretraining revealed three general types of units: short-la-
tency responses to CS onset, late onset responses during the CS,
and short-latency responses to the CS that were sustained during
the CS interval. Developmental changes in CR-related activity
were assessed at the end of training, when both groups were
producing CRs.

RESULTS

Conditioning

Rats trained on P24-P25 acquired CRs earlier in training than the
rats trained on P17-P18 and exhibited a higher percentage of CRs
by the end of training (Fig. 1). An ANOVA comparing the per-
centage of CRs between age groups and across sessions revealed a
significant interaction of the age group and sessions factors,
F4 48 =12.16, p < 0.001. The interaction was caused by a greater
percentage of CRs in the P24-P25 group relative to the P17-P18
group during sessions 3-5 (all comparisons, p < 0.05). The per-
centage of CRs during the pretraining session did not differ be-
tween age groups. The behavioral results replicate the findings of
several previous studies that used the same behavioral training
procedures and the same age comparisons (Freeman Jr. and Ni-
cholson 2000; Nicholson and Freeman Jr. 2000, 2003).

Electrode Placement

The tips of the microwire electrodes were all within the dorsal
border of the pontine nuclei. The electrodes were positioned in
the medial, ventral, and lateral nuclei (Fig. 2). The positions of
the electrodes were similar for the two age groups, although the
electrode placements in the P24-P25 group included several
slightly more medial placements relative to the electrode place-
ments of the P17-P18 group. The electrode placements all over-
lapped with the areas known to project mossy fibers to the in-
terpositus nucleus (Steinmetz and Sengelaub 1992; Tracy et al.
1998). Figure 3 displays the electrode placements by the types of
unit responses recorded at each site. There was no systematic
relationship between electrode placement and the types of unit
responses recorded. In fact, eight (four at each age) of the elec-
trode placements yielded units in all of the response categories.
Group differences in electrode placement do not, therefore, ac-
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Figure 1 Mean (+SEM) conditioned response (CR) percentage from
rat pups trained on postnatal days 17-18 (open circles) and postnatal
days 24-25 (filled circles) across five paired training sessions.
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Figure 2 Drawing of three coronal sections of the infant rat brain with
labels indicating the placement of the tips of the electrode bundles in the
pontine nuclei (PN) for rats trained on postnatal days 17-18 (gray dots)
or postnatal days 24-25 (black dots).

count for the developmental differences in unit activity de-
scribed below.

Unit Activity
The unit activity recorded during pretraining presentations of
the tone CS exhibited several distinct response profiles (Table 1).
The phasic response units exhibited a short latency (<100 msec)
increase in activity following the onset of the CS, which de-
creased to the pre-CS baseline within the second 100-msec inter-
val (Fig. 4A). The sustained units had short latency increases in
activity that were sustained for at least 200 msec (Fig. 4B). The
late units exhibited a significant increase in activity during the
CS relative to the baseline, more than 100 msec after the onset of
the CS (Fig. 4C). The response characteristics of pontine units
were generally consistent with a previous study, which showed
phasic and sustained pontine unit profiles during acoustic stimu-
lation in anesthetized adult cats (Aitkin and Boyd 1978).
Age-related differences were found in the percentages of
neurons and in the magnitude of neuronal activity in some of
the categories. The proportion of units in each category (i.e.,
phasic, sustained, late, and nonsignificant) did not differ signifi-
cantly between age groups for the pretraining session, although
there was a trend toward a higher proportion of phasic units in

the P17-P18 group (p = 0.053). In contrast, there were signifi-
cantly more sustained and late response units in the P24-P25
group relative to the P17-P18 group in the last paired training
session (x* = 13.36, p < 0.001). There was also a smaller propor-
tion of nonsignificant response units in the P24-P25 group rela-
tive to the P17-P18 group (x*>=12.98, p < 0.001), which may
reflect a relatively greater recruitment of P24-P25 pontine neu-
rons into the other unit categories as a result of conditioning. In
addition, there was an increase in the proportion of sustained
and late units from the pretraining session to training session 5
in the P24-P25 group, but not in the P17-P18 group. The pro-
portion of units showing greater activity during trials with CRs
relative to trials without CRs was also greater in the P24-P25
group relative to the P17-P18 group (x* = 20.42, p < 0.001; Fig.
5). The data presented in Table 1 generally indicate that there was
an increase in the percentage of units showing sustained and late
activity profiles that is associated with learning and production
of eyeblink CRs in the P24-P25 group. In contrast, there is little
change in the pattern of unit profiles following training in the
P17-P18 group, even though rats in this group produced a mod-
erate level of CRs by the fifth training session.

Analyses of age-related differences in the magnitude of pon-
tine neuronal activity were conducted using repeated measures
ANOVA. The neuronal activity in 10-msec bins was compared
between groups for each neuronal response category (i.e., phasic,
sustained, late response units) for the 300-msec baseline period
and the CS period, except for the last 10 msec, during which the
shock US was presented on paired trials.

During the pretraining session, there was a developmental
increase in pre-CS baseline activity and activity during the CS for
both phasic and sustained response units (Fig. 6A,B). There was
an interaction of the group and bin factors for both the phasic
units, Fisg 3506 = 1.47, p <0.02, and sustained units, Fsg 2350, = 3.32,
p <0.001. Post hoc tests revealed that the phasic units from the
P24-P25 group exhibited greater activity than the phasic units
from the P17-P18 group during pre-CS bins 3, 5, 6, 8-10, 13, 14,
17-22, 24-27, 29, and during CS bins 31, 34-49, and 51-59 (all
comparisons, p < 0.05). The sustained units from the P24-P25
group exhibited greater activity than the sustained units from the
P17-P18 group during pre-CS bins 3, 11, 16, 17, 19, 21, 22, 24, 26,
29, 30, and CS bins 32-50 and 52-59 (all comparisons, p < 0.05).
No group differences were seen in the activity of late units
or nonsignificant response units (Fig. 6C,D). The analyses of
neuronal activity during paired session 5 revealed significant
group differences only for the sustained units, Fsg 2375, = 4.00,
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Figure 3 Drawings of three coronal sections of the infant rat brain with labels indicating the placement of the tips of the electrode bundles with phasic
(left), sustained (middle), and late (right) unit response profiles (see text for definitions) in the pontine nuclei (PN) for rats trained on postnatal days 17-18

(gray dots) or postnatal days 24-25 (black dots).

Learning & Memory 339

www.learnmem.org



Freeman Jr. and Muckler

P17
A 40 a0
30 30
o
L]
.S'c’ 20 20
10 10

0 10 20 30 40 50 60 70 80 920 100

60

Spikes/s
g8 & 8

g

0 10 20 30 40 50 60 70 80 %0 100 0 10 20 30 40 50 60 70 80 90 100

Spikes/s

0 10 20 30 40 50 60 70 80 S0 100 0 10 20 30 40 50 60 70 80 390 100

10-ms Bins

displayed. The gray lines indicate the onset of the conditioned stimulus.

p < 0.001 (Fig. 7A). Post hoc comparisons revealed greater activity
in the sustained units of the P24-P25 group relative to the P17-
P18 group during pre-CS bins 1-30 and CS bins 36-59 (all com-
parisons, p < 0.05). The analysis of the late response units indi-
cates that even though there was a developmental difference in
the change in the number of late response units as a result of
training, there was no developmental change in the magnitude
of the late response unit activity (data not shown). That is, sig-
nificantly more units exhibited late activity in older rats, but the
activity itself was not different between the two ages. The activity
of the phasic response units did not differ between groups during
the pre-CS period or during the CS after paired training (Fig. 7B).

DISCUSSION

The developmental change in eyeblink conditioning between
P17-P18 and P23-P24 was associated with developmental
changes in stimulus-elicited and learning-related neuronal activ-
ity in the pontine nuclei. The neuronal activity profiles of units
in the pontine nuclei were heterogeneous in developing rats.
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Figure 4 Mean firing rate (spikes/sec) of representative single units recorded from the pontine
nuclei during the pretraining session. The firing frequencies of phasic (4), sustained (B), and late (C)
units recorded from rats trained on postnatal day 17 (P17; left column) and P24 (right column) are

Three general categories of unit activity
were identified. First, there were phasic re-
sponse units that exhibited a short latency
(<100 msec) increase in activity following
the onset of the CS, which decreased to the
pre-CS baseline within the next 100-msec
interval (Fig. 4A). Second, there were sus-
tained response units that exhibited short
latency increases in activity that were sus-
tained for at least 200 msec (Fig. 4B). Third,
there were late response units that exhib-
ited a significant increase in activity during
the CS relative to the pre-CS baseline, more
than 100 msec after the onset of the CS (Fig.
4C). An ontogenetic increase in baseline
and stimulus-elicited activity was observed
for the phasic and sustained response units
during the pretraining session. After paired
training, the rats trained on P24-P25 had
significantly more sustained and late units
than the rats trained on P17-P18. The base-
line and stimulus-elicited activity of sus-
tained response units was greater in the
older rats after training, but the ontogenetic
differences in the activity of phasic units
were no longer evident after training (cf.
Figs. 6A and 7B). Training also resulted in
an ontogenetic increase in the number of
units showing CR-related activity. Of the
units recorded from the older rats during
the last training session, 26% exhibited
greater activity at the end of the CS on trials
with CRs relative to trials without CRs (Fig.
5; Table 1). In contrast, <6% of units recorded
in the P17-P18 rats showed CR-related modu-
lation of activity, even though these rats were
producing CRs by the end of training (Fig. 1;
Table 1).

Developmental changes in excitatory
feedback from the cerebellum or red
nucleus to the pontine nuclei could under-
lie the developmental change in the num-
ber of sustained and late response neurons
following training. In adult rabbits, inacti-
vation of the interpositus nucleus or the red
nucleus blocks excitatory feedback to the
pontine nuclei, abolishing increases in neu-
ronal activity at the end of the CS period (Cartford et al. 1997;
Clark et al. 1997; Bao et al. 2000). Excitatory feedback might be
more effectively driving pontine activity during the CS in the
sustained and late response units in the older rats. The basis for
the putative developmental difference in excitatory feedback to
the pontine nuclei could be either a developmental change in
interpositus and red nuclei activity during the CS period (Free-
man Jr. and Nicholson 2000) or a developmental change in the
efficacy or number of synapses in the feedback projections. An
analogous developmental change was recently discovered in the
inhibitory feedback projection from the cerebellum to the infe-
rior olive (Nicholson and Freeman Jr. 2000, 2003). The develop-
mental change in the cerebellar feedback to the inferior olive is
caused primarily by the addition of inhibitory synapses (Nichol-
son and Freeman Jr. 2003). It is possible, then, that developmen-
tal changes in pontine neuronal activity are caused by an addi-
tion of excitatory synapses within the pontine nuclei.

The age-related changes in baseline neuronal activity and
phasic response unit activity during pretraining in the pontine
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Table 1. Unit Activity During Presentation of Tone CS

Age Session Phasic Sustained Late NS

P17-P18 upP 29.5 (43) 15.8 (23) 5.5(8) 49.3 (72)
P5 25.6 (31) 8.3 (10) 5.8 (7) 60.3 (73)

P24-P25 (0]3 18.9 (21) 17.1.(19) 9.9 (11) 54.1 (60)
P5 17.2 (22) 25.8 (33)* 19.5 (25)* 37.5 (48)*

CR > no CR Pre-CR (first 100 msec) CR (last 200 msec)

P17-P18 1.9 (2 5.7 (6)

P24-P25 3.9(5) 25.8 (33)*

Upper part of table: Percentage and number (in parentheses) of the different types of units recorded from rats trained on postnatal days P17-18 or
P24-25 during the unpaired pretraining (UP) session and the fifth paired training session (P5). Lower part of table: Percentage and number (in
parentheses) of units with greater activity on trials with conditioned responses (CRs) relative to trials without CRs (CR > no CR) for the first 100 ms
of the conditioned stimulus (Pre-CR) and the last 200 ms of the conditioned stimulus (CR).

*Indicates significant difference between groups, P < 0.05.

nuclei could also be related to a developmental change in feed-
back from the cerebellum or red nucleus to the pontine nuclei.
However, studies in adult rabbits found that cooling the cerebel-
lum or red nucleus did not reduce baseline activity in the pontine
nuclei (Cartford et al. 1997; Clark et al. 1997). It is possible that
the previous studies did not record from exactly the same popu-
lation of neurons examined in the present study because they
selected pontine units that showed conditioning-related activity.
The present study used fixed position electrodes and examined
all units that could be reliably separated. Another difference be-
tween studies is that some of the baseline differences in activity
in the present study were observed during pretraining, but not
after training, whereas the recordings in the cited rabbit studies
were made after conditioning was well established.

One of the previous studies also found that cooling the red
nucleus reduced stimulus evoked activity in the pontine nuclei
(Cartford et al. 1997). The developmental change in the magni-
tude of short latency evoked activity (phasic activity) in the pon-
tine nuclei could therefore be related to a developmental change
in the efficacy of the projection from the red nucleus to the
pontine nuclei. Alternatively, projections from the cochlea to the
pontine nuclei may develop between P17 and P24. An important
follow-up study will be to examine the effects of interpositus
nucleus and red nucleus inactivation on spontaneous and stimu-
lus evoked neuronal activity in the pontine nuclei before train-
ing.

The heterogeneity of response profiles of pontine neurons
observed in the present experiment indi-
cates that some of the temporal specificity
of CS inputs to the cerebellum might be en-
coded at the level of the pontine nuclei or
its afferents. The combined activity of the 80
phasic, sustained, and late response neu-
rons might provide stimulation to the cer-
ebellum that represents the entire CS inter-
val. The finding of different temporal pat-
terns of CS evoked neuronal activity in the
pontine nuclei has important implications
for models of cerebellar learning that posit
mechanisms for encoding the temporal dy-
namics of the CS. In some models, much of
the temporal coding of the CS occurs in the
granule cell layer of the cerebellar cortex,
rather than in the pontine nuclei or affer-
ents to the pontine nuclei (Medina and
Mauk 2000; Medina et al. 2000). The find-
ings of the present study do not refute the

Spikes/s

10-ms Bins

idea that temporal encoding occurs in the granule layer, but
point to the pontine nuclei as an additional source of temporal
information about the CS. The presence of temporal variation in
the neuronal response of pontine neurons during the CS indi-
cates the possibility that conditioned response timing might be
partially mediated by encoding different epochs during the CS
through different mossy fiber inputs to the interpositus nucleus.

The developmental changes in pontine neuronal activity
observed in the present study have significant implications for
understanding the neural mechanisms of the ontogeny of eye-
blink conditioning. The ontogenetic differences in pontine neu-
ronal activity elicited by the tone CS indicate that the develop-
mental difference in cerebellar responses to the CS (Freeman ]Jr.
and Nicholson 2000; Nicholson and Freeman Jr. 2003) are at least
partially caused by changes in pontine responses, rather than
solely by changes in the efficacy of the mossy fiber projection to
the cerebellum. However, it is possible that developmental
changes in mossy fiber and parallel fiber synaptic input to cer-
ebellar neurons play a role in the ontogeny of eyeblink condi-
tioning. The development of CS inputs to the cerebellum could
be sufficient to produce ontogenetic changes in the induction of
learning-related plasticity in the cerebellum, but developmental
changes in cerebellar feedback might also contribute to cerebellar
plasticity, and thereby contribute to the ontogenetic emergence
of eyeblink conditioning. The role of cerebellar excitatory feed-
back to the pontine nuclei in conditioning has not been deter-
mined. However, it has been suggested that cerebellar feedback
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Figure 5 Mean firing rate (spikes/sec) of a pontine unit with significantly greater activity during
trials with a conditioned response (CR) relative to trials with no CR.
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Figure 6 Mean firing rate (spikes/sec) of phasic (A), sustained (B), late (C), and nonsignificant (D) response units before and during the tone
conditioned stimulus (CS). The units were recorded during the pretraining session on P17 (black line) and P24 (gray line). The vertical gray line in each

graph indicates the onset of the CS.

to the pontine nuclei plays a role in enhancing CS efficacy or
salience (Clark et al. 1997; Bao et al. 2000). If the enhancement of
CS efficacy enhances learning, then the development of excit-
atory feedback from the cerebellum to the pontine nuclei could
contribute to the development of eyeblink conditioning.

MATERIALS AND METHODS

Subjects

The subjects were 19 Long-Evans rat pups trained on either P17
and P18 (n =9) or P24 and P25 (n = 10). Rats trained on P17-P18
were housed with their dams between sessions, while rats trained
on P24-P25 were housed with littermates. Neuronal activity was
not recorded for two of the rats trained on P24 during the pre-
training session because of a temporary equipment failure. Be-
havioral and neuronal data were not obtained for two of the rats
trained on P17 during the last training day because the dam
chewed through the electrode head stage between training days.
The rats were housed in the animal colony in Spence Laborato-
ries at the University of Iowa. The rats were maintained on a 12-h
light, 12-h dark photoperiod, with light onset at 7 a.m.

Surgery

The rat pups were anesthetized with an i.p. injection of ketamine
hydrochloride (100 mg/kg) and xylazine (5.0 mg/kg), and given
atropine (8.0 mg/kg) to reduce respiratory tract secretions and
excess salivation during anesthesia. Supplements of ketamine hy-
drochloride (10 mg/mL) were given in 0.1-mL increments, when
needed. The rat’s head was positioned in an infant stereotaxic
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head holder and aligned in three planes to bring it into the ori-
entation required for placement of the electrodes. The rats were
fitted with differential EMG electrodes that were implanted in
the left eyelid muscle (orbicularis oculi) and a ground electrode
that was attached to a stainless steel skull hook. The EMG elec-
trode leads terminated in gold pins in a plastic connector, which
was secured to the skull with dental acrylic. A bipolar stimulating
electrode (for delivering the shock US) was implanted subdermal-
ly, immediately caudal to the left eye. The bipolar electrode ter-
minated in a plastic connector that was secured to the skull by
dental acrylic.

A bundle of eight insulated stainless steel microwire elec-
trodes (25 nm) was implanted in the right pontine nuclei in each
rat. The stereotaxic coordinates for the pontine nuclei were taken
from \ (AP = +1.8-2.0 mm; ML = —0.8-1.0 mm; and DV = —8.3-
8.5 mm). The electrode bundle was slowly lowered in increments
and affixed to the skull when the neuronal activity exhibited
spontaneous spikes and spikes elicited by auditory stimuli.

The electrodes were held in place by a microelectrode con-
nector and dental acrylic applied to the skull. The surgical site
was closed with sutures on both sides of the electrode plug. Light-
weight cables that allowed the rats to move freely during condi-
tioning connected the EMG electrodes, bipolar stimulating elec-
trode, and microwire electrodes to peripheral equipment and a
Pentium computer.

Conditioning Apparatus

The conditioning apparatus consisted of an electrically shielded
small-animal sound attenuation chamber (BRS/LVE). Within the
sound attenuation chamber was a small-animal operant chamber
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Figure 7 Mean firing rate (spikes/sec) of sustained (A) and phasic (B)
response units before and during the tone conditioned stimulus (CS). The
units were recorded during the last paired training session on P18 (black
line) and P25 (gray line). The vertical gray line in each graph indicates the
onset of the CS.

(BRS/LVE), where the rats were kept during conditioning. One
wall of the operant chamber was fitted with two speakers. The
back wall of the sound-attenuating chamber was equipped with
a small house light. Computer software controlled the delivery of
stimuli and the recording of eyelid EMG activity. EMG activity
was recorded differentially (gain = 2000; sampling rate = 250 Hz),
filtered (500-5000 Hz), and integrated (time constant = 20 msec),
by equipment that was described in previous studies (Stanton et
al. 1992).

Conditioning Procedure

Training sessions consisted of 100 trials each. Three sessions were
run on each day of training at approximately 4-h intervals. Dur-
ing the first session, the rats were given explicitly unpaired pre-
sentations of a tone CS (2.0 kHz, 300 msec, 85 dB SPL) and a
periorbital shock US (10 msec, 4.0 mA) to assess developmental
differences in stimulus-evoked activity without the confound of
possible learning-related changes attributable to paired training.
The rats were then given five training sessions, which consisted
of 90 paired presentations of the tone CS and the shock US and
10 CS-alone trials. The five training sessions consisted of 10
blocks of 10 trials. Of the 10 trials in each block, there were 9
trials consisting of paired presentations of the CS and US and 1
CS-alone trial. During paired trials, the CS coterminated with the
US, yielding an interstimulus interval of 290 msec.

The CS-alone trials were included to assess behavioral re-
sponses (integrated EMG activity) and neuronal activity related

to the CS or CR, uncontaminated by an unconditioned response
(UR; Gormezano et al. 1983).

All trials were separated by a variable intertrial interval that
averaged 30 sec (range = 18-42 sec). Behavioral data were exam-
ined from computer records of EMG responses. Conditioned re-
sponses (CRs) were defined as responses that crossed a threshold
of 0.4 unit (amplified and integrated voltage units) above base-
line during the CS period, but at least 80 msec after CS onset, to
avoid contamination of the CR measures by the startle or alpha
response (Skelton 1988). Previous studies have shown that the
paired training protocol used in this study established associative
eyeblink CRs in developing rats (e.g., Stanton et al. 1992).

Neuronal Recording Procedure

The activity of each microwire electrode (eight for each rat) was
initially passed through a unity gain JFET preamplifier (NB Labs).
The outputs of the JFET preamplifier were fed into an eight-chan-
nel programmable amplifier (Lynx-8, Neuralynx), band-pass fil-
tered between 300 and 6000 Hz, and amplified at a gain of
10,000. The outputs of the amplifiers were fed into a computer-
controlled acquisition system at 20 kHz per channel (Datawave
Technologies, Workbench-32), where thresholding was used to
detect and extract waveforms of units with signal-to-noise ratios
of at least 3:1. Two voltage thresholds were used. Waveforms that
crossed the lower threshold, but did not cross the upper thresh-
old within any of the sample points, were recorded to computer
disk. The waveforms were saved as separate 32-point data
chunks, yielding a waveform length of 1.5 msec. The acquisition
and analysis software displayed all of the waveforms that were
recorded during a particular data collection period. A template
matching program was used to identify all of the spikes with
similar waveform characteristics. The template matching pro-
gram used in this study effectively isolates single units from mul-
tiunit records (Kubota et al. 1996; Freeman Jr. and Nicholson
1999, 2000; Nicholson and Freeman Jr. 2000, 2002, 2003). Figure
8 shows digitized waveforms of two units separated from multi-
unit activity recorded during the last training session. The left
side of the figure displays overlays of all the waveforms recorded
during the 100-trial training session for two units (Fig. 8A). In-
dividual waveforms from each of the overlays are also displayed
(Fig. 8B). The consistency and stability of the unit recordings
indicate that response-generated artifacts were not recorded as
unit events.

Data Analysis

The behavioral data were examined for each training session.
Repeated measures analysis of variance (ANOVA) was performed
for the CR percentage, CR amplitude, CR latency, and UR ampli-
tude. Significant differences were evaluated by Tukey’s honestly
significant difference (HSD) test (for all, p < 0.05).

Peristimulus time histograms of the firing rates of each unit
were created for the entire period of the conditioning trial (1 sec)
for the pretraining and the fifth paired training session. Unit

A

w?ﬁ“
V=

Figure 8 Overlays of all of the digitized waveforms recorded for two
units during the last training session (A) and individual waveforms from
the overlays (B). The duration of each event is 1.3 msec.
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activity from the pre-CS baseline period (300 msec) was com-
pared with three consecutive 100-msec intervals during the CS
using the Wilcoxon rank test (Kubota et al. 1996; Freeman Jr. and
Nicholson 1999, 2000; Nicholson and Freeman Jr. 2000, 2002,
2003). Units were categorized into four general classes based on
the results of the Wilcoxon tests. Units with activity that in-
creased significantly above the baseline period during the first CS
interval, but not the second or third intervals, were classified as
phasic response units. Units with activity that increased signifi-
cantly above baseline during the first CS interval and the second
or third intervals were classified as sustained response units.
Units with activity that increased significantly above the baseline
activity during the second or third interval, but not the first
interval, were classified as late response units. Units that did not
show increased activity above the baseline during the CS were
classified as nonsignificant response units. Analyses of paired ses-
sion 5 spike data also compared CS-period activity from trials
with CRs and trials without CRs. CR-related activity was not ex-
amined earlier in training because very few of the rats trained on
P17-P18 exhibited CRs before session 4. The proportion of units
in the different categories described above (see Table 1) was com-
pared between age groups by Pearson x? tests.

Histology

On the day after training, the rats were killed with a lethal injec-
tion of sodium pentobarbital (90 mg/kg) and transcardially per-
fused with ~100 ml of physiological saline followed by ~300 mL
of 3% formalin. After perfusion, the brains were postfixed in the
same fixative for a minimum of 96 h, and subsequently sectioned
at 50 pm with a sliding microtome. Sections were then stained
with cresyl violet. The locations of the recording electrodes were
confirmed by examining serial sections.
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